ABSTRACT In this paper, a passivity and fault alarm-based hybrid controller is designed for a Markovian jump delayed system with actuator failures. First, a passive condition is given, and a type of hybrid controller that combines with robust and fault-tolerant controllers is presented to ensure that both the normal system and the fault system are robustly stochastically passive. Next, a fault alarm signal is proposed by choosing the alarm threshold, and this signal is used to invoke the fault-tolerant controller. Finally, a numerical example is provided to show the effectiveness of the method.
I. INTRODUCTION
Markovian jump systems are used to describe the systems that experience abrupt changes in their structure and parameters caused by component failures or repairs, changing subsystem interconnections, abrupt environmental disturbances and so on [1] . There are two components in the hybrid systems. The first component is a Markovian process, which is defined in the finite space as a mode of the system. The second component is the state of the systems, in which the state in each mode is described by a stochastic differential equation. In recent decades, numerous relevant research results have been reported. For example, the relationships among the second moment stability properties of jump linear systems have been discussed in [2] . For Markovian jump systems with an uncertain model and an external disturbance, robust control theory plays an important role. The problems of robust H 2 -control and robust stabilization of Markovian jump linear systems have been investigated in [3] and [4] , respectively. The network induced problems of networked Markovian jump systems have been discussed in [5] - [8] . However, the transition probabilities may not be measurable exactly or may be only partly known in most practical systems. Under this assumption, a number of relevant results have been reported [9] - [14] .
Passivity, a concept that originated from electrical networks, has a deep physical meaning. In addition, the close relation of passivity with the Lyapunov function indicates that it plays an important role in analysing the stability of nonlinear systems. With the development of passivity theory, many results have been produced. For example, in [15] , the definition of stochastic passivity for Markovian jump systems is given, and the passive controllers are designed. A robust passivity controller is designed for 2-D uncertain Markovian jump linear systems in [16] . In [17] , the problem of feedback passivity for the networked control systems with packet drops has been analysed. Moreover, it is an unavoidable fact that time-delays occur frequently in many practical systems, thus causing instability and poor performance. Reference [18] has studied the problem of control for discrete time delay linear Markovian jump systems. The fault-tolerant control problem was discussed for a class of uncertain networked control systems with induced delays and actuator saturation in [19] . Wu provided some excellent results in [20] - [27] . In [28] , the problem of observer-based passive control of a class of uncertain linear systems with delayed state and parameter uncertainties was investigated. To the best of the authors' knowledge, the research for passivity and fault alarm-based hybrid controller designing algorithm is rare, thus, we provide a kind of designing algorithm in this work.
In practice, using the fault-tolerant controllers directly is much more conservative because of the invariance of the controller's gain. Thus, to increase the performance of the closed-loop systems, we must design a switching method, namely, the robust controllers are chosen to operate when the systems run without fault and the fault-tolerant controllers will replace the robust ones if the fault occurs. First, a Markovian jump systems model is given. Next, the sufficient passive condition is established. Moreover, based on this condition and inspired by [19] , we can obtain the controller gains of robust controllers and fault-tolerant controllers by LMI technology. Next, we design a switching method by selecting a suitable threshold to achieve the aim above, which is the most difficult problem we have to solve. Finally, a numerical example is given to demonstrate the availability of the proposed methods.
Notation: In this paper, R n and R n×m denote the n−dimensional Euclidean space and the set of all n × m real matrices, respectively. X > 0 ( or X < 0 ) indicates that matrix X is a real symmetric positive definite (or negative definite). The superscript T and + denote the matrix transposition and the pseudo inverse, respectively. · is the Euclidean norm in R n . ε{·} denotes the mathematical expectation.
II. PROBLEM FORMULATION
In this paper, consider Markovian jump systems with timevarying delays on a probability space ( , F, P) as follows:
where x(t) ∈ R n is the system state vector; u A (t) and u B (t) ∈ R m are the control input vectors from the actuator to the plant; ω(t) ∈ R q is the exogenous disturbance input that belongs to L 2 [0, ∞); y(t) ∈ R p is the control output; ϕ(t) is the initial condition defined on [−d, 0]; d 1 (t) and d 2 (t) are the time-varying state delay and the time-varying control delay of systems, respectively, and satisfy
{r(t)} is a continuous-time Markov process with continuous trajectories and takes values in a finite set S = {1, 2, 3, . . . , s}. Moreover, the mode transition probabilities of {r(t)} satisfies
where > 0, lim →0 o( ) = 0, and π ij is the transition rate from mode i to mode j at time t + , which satisfies
and C(r(t)), respectively. Thus, the system (1) can be rewritten as
The controllers considered in this paper are described by:
whereK 1 ,K 2 ∈ R m×n are controller gain matrices. Substituting (4) into (3), system (3) can be rewritten as:
For deriving the main results of this paper, the following definition and lemmas are required.
Definition: System (5) is said to be robustly stochastically passive if there exists a positive scalar γ > 0 under zero initial condition for any ω ∈ L 2 [0, ∞), all solutions of (5) with ϕ(t) = 0, t ∈ [d, 0] and anyK 1 ,K 2 , such that [19] : Given matrices , and symmetric matrix ϒ with appropriate dimensions,
holds for any F T (k)F(k) ≤ I , if and only if there exists a scale α > 0 such that
Lemma 3 [24] : For any constant symmetric matrix X ∈ R n×n , X = X T > 0, scalar γ > 0, vector function ω : [0, γ ] → R n , the integrations are satisfied as follows:
III. STOCHASTIC PASSIVITY ANALYSIS
In this section, a sufficient condition for stochastic passivity of system (5) is given as follows: Theorem 1: For given positive scalars δ 1 , δ 2 and δ 3 , system (5) is stochasticlly passive if there exist matrices 
where
Proof:
We define a Lyapunov-Krasovskii functional for system (5) as follows:
where A is the weak infinitesimal operator of the random process {x(t), r(t), t ≥ 0}. Accoding to Lemama 3, we can obtain
,
.
Simultaneously, for invertible matrix N with appropriate dimension, positive scalars δ 1 , δ 2 and δ 3 , we employ the freeweighting matrix approach to get the following equation
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, thus, we can obtain the following result from above analysis 
the following inequation is ture
Obviously, when ω(t) = 0, system (5) is robustly stable. Moreover, under the zero initial condition for any t > 0 ,
According to Definition, system (5) is stochastically passive.
IV. HYBRID CONTROLLER DESIGN
In this section, the controller gain matrices of the robust controllers and the fault-tolerant controllers can be obtained by LMI technology.
• Case 1: For systems (5) without actuator faults, the controller gain matrices are designed asK 1 = K i1 and K 2 = K i2 , thus, the systems (5) can be rewritten as
Theorem 2: For given positive scalars δ 1 , δ 2 and δ 3 , systems (14) are stochasticlly passive if there exist matriceŝ 
with robust controller gain matrices are (7), then, pre-and post-multiplying by diag{N ,N ,N ,N , I } and diag{N T ,N T ,N T ,N T , I }, respectively. Denotê
we can obtain (15), easily. According to Theorem 1, system (14) is stochastically passive, the proof is complete.
• Case 2: For systems (5) with actuator faults, the controller gain matrices are designed asK 1 
. . , g jm },
then the systems (5) can be rewritten as 6 , ε 7 , ε 8 , ε 9 , ε 10 },
with the fault-tolerant controller gain matrices are (7) . In order to avoid confusion, replace N by N , then, pre-and post-multiply by diag{N ,N ,N ,N , I } and diag{N T ,N T ,N T ,N T , I }, respectively. Denotê 
, we obtain the following inequatioň
According to Lemma 2, for F T (k)F(k) ≤ I , if and only if there exist scalar matrices 2,2 > 0 and 3,3 > 0, such that 1,1 + 2,2 1
The proof is complete.
V. DESIGN OF A SWITCHING SYSTEM WITH A FAULT ALARM
To invoke the fault-tolerant controller timely and accurately, we design a residual observer to obtain the real-time estimated value of y(t) under normal condition in this section as follows:
wherex(t) ∈ R n is the observer state, u a (t) and u b (t) ∈ R m , which can be measured, are inputs from the controller to the actuator, L i ∈ R n×p is the gain matrix of the observer and y(t) ∈ R p is the observer output.
Thus, we define the state residual value of the observer as
and from system (5) and system (22), we obtaiṅ
When the actuators run normally, i.e., u A (t) = u a (t) and u B (t) = u b (t), equation (24) can be rewritten as follows:
Under the normal condition, the system state converges to a small interval around zero; thus, we can consider A di (x(t − d 1 (t)) as a type of disturbance input. The design algorithm that we employ to obtain the value of L i , is similar to Theorem 2. Thus, the passive observer can be established.
By contrast, if the actuator fault occurs, in other words, u A (t) = M 1 u a (t) and u B (t) = M 2 u b (t), then the state residual value of observer will be described bẏ
When partial failure of actuators become sufficiently problematic, the value ofx(t) will diverge, namely, the system state will not be under control, which leads to damage to the system. Therefore, it is necessary to select a threshold to detect fault. Considering equation (25), when the system state converges to a small interval around zero, A di (x(t − d 1 (t)) − x(t −d 1 )) can be replaced by A dix (t). Thus, we can obtain the critical relationship betweenx(t) and ω(t) as follows:
whereω is the upper bound of ω(t). Premultiplying by
e(t) = y(t) −ŷ(t).
Define J th = sup i∈S γ th i ω as the so-called threshold, and use the following logical algorithm for fault detection:
Therefore, based on S w (t) ïĳŇthe switching signal, the switching system can be given by
Obviously, between robust controllers and fault-tolerant controllers, only one type of controllers could function at one moment.
In addition, we can design an alarm signal to increase the reliability of the system. Employing the ChapmanKolmogorov equation, we can obtain the probability distribution of all system modes. Using the weighted average method, we can obtain a suitable alarm signal as follows:
where Pr i is the weighting of i th mode, and the working principle can be given as follows:
When we receive the alarm signal, it is probable that the system (3) is undergoing an actuator fault. Thus, we will pay more attention to the system and distinguish whether it is just a false alarm or not.
VI. NUMERICAL EXAMPLE
In this section, a numerical example will be described to demonstrate the effectiveness of the methods described in the previous sections. Consider the following systems: 
The transition rate matrix of the stochastic process r(t) is given as
The output response of open-loop system is shown in FIGURE 1 ; we find that the open-loop system is unstable. By Theorem 2, we can obtain the following robust controller gains: With the robust controllers, the output response of the closed-loop system is shown in FIGURE 2. Moreover, when an actuator fault occurs, the closed-loop system becomes unstable. When an actuator fault occurs, with the robust controllers, fault-tolerant controllers and switching signal, the output response of the closed-loop system is exhibited in FIGURE 3. Comparing FIGURE 3 with FIGURE 2 , the hybrid control method can effect even if the actuator fault occurs, however, in the same situation, the robust one can not stable the systems. The advantage of hybrid control method is prominented.
Remark 1:
Remark 2: To make the switching process more conspicuous, the threshold is increased appropriately. In fact, this process can be completed in very short time after the occurance of the actuator fault and can not be found by vision easily.
VII. CONCLUSION
This paper has investigated passivity and fault-alarm based hybrid control problem for a Markovian jump system with actuator failures. The key to this problem is to design appropriate state feedback controllers that can guarantee that the closed-loop system is robustly stochastically passive. According to the sufficient passive condition, which is established by constructing time-dependent Lyapunov-Krasovskii functional, the controller gains of robust controllers and faulttolerant controllers can be obtained by employing LMI technology. In addition, a fault alarm-based switching method was designed to switch the controller when an actuator fault occurs, thus maintaining the level of system performance and advoiding the issues of fault-tolerant controllers. Finally, a numerical example was presented to demonstrate the effectiveness of the obtained results.
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